Fluorescent Pseudomonas strains were isolated from 38 undisturbed pristine soil samples from 10 sites on four continents. A total of 248 isolates were confirmed as Pseudomonas sensu stricto by fluorescent pigment production and group-specific 16S ribosomal DNA (rDNA) primers. These isolates were analyzed by three molecular typing methods with different levels of resolution: 16S rDNA restriction analysis (ARDRA), 16S-23S rDNA intergenic spacer-restriction fragment length polymorphism (ITS-RFLP) analysis, and repetitive extragenic palindromic PCR genomic fingerprinting with a BOX primer set (BOX-PCR). All isolates showed very similar ARDRA patterns, as expected. Some ITS-RFLP types were also found at every geographic scale, although some ITS-RFLP types were unique to the site of origin, indicating weak endemicity at this level of resolution. Using a similarity value of 0.8 or more after cluster analysis of BOX-PCR fingerprinting patterns to define the same genotypes, we identified 85 unique fluorescent Pseudomonas genotypes in our collection. There were no overlapping genotypes between sites as well as continental regions, indicating strict site endemism. The genetic distance between isolates as determined by degree of dissimilarity in BOX-PCR patterns was meaningfully correlated to the geographic distance between the isolates' sites of origin. Also, a significant positive spatial autocorrelation of the distribution of the genotypes was observed among distances of <197 km, and significant negative autocorrelation was observed between regions. Hence, strong endemicity of fluorescent Pseudomonas genotypes was observed, suggesting that these heterotrophic soil bacteria are not globally mixed.
"Everything is everywhere, the environment selects" (1, 3) has been a fundamental paradigm in microbial ecology for nearly a century. However, little emphasis has been given to the study of bacterial biogeography, and everything and everywhere were never defined. Improved resolution of this principle has important implications for a broad range of topics, ranging from evolution to the search for new pharmaceuticals to quarantine.
There have been a large number of studies on the population genetics of human and animal pathogenic or commensal bacteria, such as Escherichia coli, Haemophilus influenzae, Neisseria meningitidis, Staphylococcus aureus and Streptococcus pneumoniae, to elucidate epidemiological patterns (6, 25, 28, 29, 31, 39, 40, 48) . The results from those studies, obtained mainly by multilocus enzyme electrophoresis (MLEE) (38) , suggest that bacterial populations are clonal and in linkage disequilibrium; i.e., genetic recombination occurs too infrequently to destroy genetic linkage, so that these bacterial taxa are comprised of a limited number of clones with worldwide distribution. This clonal paradigm has reinforced the centuryold principle of global distribution. Although those studies provide important insights into bacterial population genetics, the distribution patterns of those host-associated bacteria were inevitably affected by human activity. Recently, MLEE analysis of the genus Rhizobium showed that these populations are in linkage disequilibrium on a worldwide scale but are approaching linkage equilibrium (panmictic) on a local scale (10, 43) . A high diversity of clones even in a single nodule of a plant host was also found (43) . Similarly, MLEE analysis of the local populations of two free-living bacteria, Bacillus subtilis and Burkholderia cepacia, showed that they approach linkage equilibrium (18, 50) . These findings suggest that limited geographic migration between populations contributes substantially to linkage disequilibrium, rather than the infrequent recombination within populations.
Several workers have begun to explore directly the question of whether free-living bacteria are cosmopolitan or are endemic. Four (2, 5, 22, 45) of the six studies (2, 5, 12, 14, 22, 45) were with organisms that live at temperature extremes (thermophiles or psychrophiles), since the transport of viable propagules through temperate regions was reasoned to be problematic. Hence, endemic species would be more likely. Castenholz (5) found that certain thermophilic cyanobacteria were not found in North American hot springs but were found in those of Alaska and Iceland, inconsistent with the cosmopolitan hypothesis. In contrast, two studies of thermophilic archaeal groups showed Ͼ70% DNA-DNA hybridization for isolates from Alaska versus European hyperthermal marine environments (45) and from North Sea versus Italian thermal habitats (2). Staley's group, studying sea ice psychrophiles, has found the same genera in the Arctic and Antarctic but did not yet have sufficient data to conclude whether the isolates show cosmopolitan or endemic features (44) . A previous study from this laboratory on mesophiles showed that genotypes of 3-chlorobenzoate-degrading bacteria from pristine and undisturbed soils were not globally dispersed (12) . While the above-described studies have provided preliminary insight into the degree of bacterial endemism, they have focused on specialized populations with a variety of different methods and criteria. To more fully address the cosmopolitan versus endemism hypothesis for free-living soil bacteria, we identified a bacterial group as an initial focal group for study. Our criteria for this group were that its members are easily recovered by at least semiselective cultivation, can be reliably confirmed as a particular taxon, are known heterotrophic free-living colonizers of soil, and do not have long-term survival stages and whose isolation is dependent on chromosomal (not transmissible plasmid) traits. We chose fluorescent Pseudomonas (sensu stricto) strains. This group includes, among others, P. fluorescens, P. chlororaphis, P. aureofaciens, and P. putida. A total of 248 confirmed fluorescent Pseudomonas isolates were analyzed by three molecular typing methods to give different levels of genetic resolution. Our results show strict endemicity at the genotype level but not at coarser levels of resolution.
MATERIALS AND METHODS
Soil and sampling design. Soil samples were previously collected below the soil surface (5 to 10 cm) from pristine ecosystems in six regions on five continents. All soils were classified as luvisols (Table 1 ) and were collected in the spring (moist season) for the respective hemisphere. The soil moisture and pH were very similar for the sites more intensively sampled. The details of sampling methods and soil characterization were described by Fulthorpe et al. (13) . For this study, we selected for the isolation of fluorescent Pseudomonas 59 soil samples, using a hierarchical geographic strategy scaling from samples along 200-m transects to multiple sites in the same regions to different continents (Table 1) . Transect samples were collected 0, 5, 10, 15, 20, 25, 50, 55, 75, 95 , 100, 125, 150, and 175 m from transect sample 0. Five main sites (BN, JD, HG, CL, and WV) were chosen according to climate and dominant vegetation. Sites BN and JD in southwestern Australia were the closest sites with the most similar vegetation, Eucalyptus, and served as the origin of the geographic scale for this study. Five additional forested Mediterranean sites were selected in California, Chile, and South Africa, and three sites were selected from the boreal forest ecosystem in northern Canada.
Isolation. Soil suspensions were homogenized with phosphate-buffered saline solution, serially diluted, and plated on both Cetrimide agar (Difco, Detroit, Mich.) and Pseudomonas isolation agar (Difco). The plates were incubated at 30°C for 48 h. Colonies producing fluorescent pigments (on Pseudomonas isolation agar) or nonfluorescent pigments (on Cetrimide agar) were selected and purified on nutrient agar (Difco). To further select and confirm isolates as fluorescent Pseudomonas, all isolates were individually screened for fluorescent pigment production after growth on Pseudomonas medium F (Difco) in wells of microtiter plates. Fluorescent-pigment-producing strains were then additionally screened by PCR with a primer pair diagnostic for Pseudomonas (sensu stricto) 16S rRNA genes (49) . Template DNA solutions were prepared by boiling (23, 46) . PCRs were performed by the method of Widmer et al. (49) . Representative amplified 16S rRNA genes were sequenced by using the dye terminator sequencing procedure at the Michigan State University (East Lansing) DNA Sequencing Facility and analyzed using the Ribosomal Database Project II online analysis program (http://www.cme.msu.edu/RDP/analyses.html).
rep-PCR genomic fingerprinting. Repetitive extragenic palindromic PCR (rep-PCR) genomic fingerprinting of the fluorescent Pseudomonas isolates was carried out with a BOX-A1R primer (BOX-PCR) according to the protocol of Rademaker et al. (35) . DNA solutions prepared by the boiling methods were used for PCR templates. PCR products were resolved on 20-cm-long 1.5% agarose gels (Gibco BRL) in 0.5ϫ Tris-acetate-EDTA buffer at 2 V/cm for 16 h in a cold room (4°C). A 1-kb DNA size ladder (Gibco BRL) was used at both ends and in the middle of the gels. The gels were stained with ethidium bromide.
rDNA RFLP analysis. The 16S rRNA gene and the 16S-23S intergenic spacer (ITS) region were amplified by PCR with primers pA and pH (24) and G1 and L1 (19) , respectively. The forward primer, G1, was designed to anneal to a highly conserved region immediately adjacent to the 16S-23S spacer, which is located about 30 to 40 nucleotides upstream from the spacer boundary (19) . The reverse primer, L1, was designed to anneal to the most conserved 23S sequence immediately following the spacer, which is located about 20 bases downstream from the spacer boundary (19) . Almost full-length 16S ribosomal DNA (rDNA) was amplified with primers pA and pH. PCRs were performed by the methods of Jensen et al. (19) PCR products were digested with restriction endonucleases DdeI, HaeIII, HhaI, and MspI (16S rDNA only), as recommended by the manufacturer (Gibco BRL). The digests were resolved by electrophoresis with 2% MetaPhore agarose gels (FMC) in Tris-borate-EDTA buffer at 5 V/cm for 2 h. A 100-bp DNA ladder (Gibco BRL) was run on both sides and in the central lane of each gel.
Reference strains were purchased from American Type Culture Collection; they were P. fluorescens (ATCC 12983), P. aureofaciens (ATCC 13985), P. chlororaphis (ATCC 43928), and P. aeruginosa (ATCC 19429) .
Computer-assisted analysis of BOX-PCR fingerprints and ITS-RFLP and ARDRA patterns. Gel images were digitized using GelPrint 2000I equipped with a charge-coupled device video camera (BioPhotonics, Ann Arbor, Mich.) and stored as TIFF files. These digitized images were converted, normalized with the above-mentioned DNA size markers, and analyzed with GelCompar software (version 4.0; Applied Maths, Kortrijk, Belgium). The rolling-disk background subtraction method was applied.
For BOX-PCR fingerprint analysis, similarity matrices of whole densitometric curves of the gel tracks were calculated by using the pairwise Pearson's productmoment correlation coefficient (r value) (16, 33) as recommended by Rademaker et al. (35) . It is insensitive to the relative concentration of bands between fingerprints, discontinuous noise, and overall intensity of the fingerprint. For ITS-RFLP and ARDRA patterns, a band-matching algorithm (band-matching tolerance of 1.0%) was used to calculate pairwise similarity matrices with the Dice coefficient (9). Cluster analyses of similarity matrices were performed by the unweighted pair group method using arithmetic averages (UPGMA) (42) .
Spatial autocorrelation analysis. The mulitivariate Mantel test (17) was used to test the spatial autocorrelation (7) . Euclidean (geographic) distances were computed among soil samples based on the geographic coordinates obtained by a geographic positioning system. The distances were divided into d classes. Similarity matrices (S) of soil samples for genotype, ITS type, and ARDRA type distribution pattern were calculated using the Dice coefficient. The standardized Mantel statistic (r M ) (17) was computed between similarity matrix S and geographic distance matrix X d using a multidimensional analysis software package (R package). The statistic was tested for significance (␣ ϭ 0.05) using 999 
RESULTS

Isolation.
The two commercial selective media, Pseudomonas isolation agar and Cetrimide agar, were not selective enough to differentiate fluorescent Pseudomonas from some nonfluorescent bacteria. Moreover, the fact that many fluorescent Pseudomonas strains produce levans and water-soluble pigments made it difficult to select fluorescent Pseudomonas strains precisely. Hence, approximately 4,000 presumptive colonies were chosen and purified. All isolates were viable on both media. Approximately 300 isolates (7.5%) showed obvious fluorescence under UV light (Fig. 1A) . Almost all the fluorescent isolates produced PCR products of the expected size (950 to 1,000 bp) product when amplified with the fluorescent Pseudomonas-specific primers (Fig. 1B) . Partial sequencing (ca. 450 bp) of the PCR products from randomly selected strains confirmed that all of them belong to the P. fluorescens intrageneric group (26) , which includes most fluorescent-pigment-producing Pseudomonas strains (Table 2) .
We obtained 248 confirmed fluorescent Pseudomonas isolates. These isolates were assigned unique codes based on the transect sample, site, and region and the isolation medium. For example, code CRC-3-401 means the first isolate (the last two digits) which was isolated from the transect sample 3 of Rio Clarillo (RC) site in central Chile (C) by using Pseudomonas isolation agar (even number in the first digit, Pseudomonas isolation agar; odd number, Cetrimide agar).
rep-PCR genomic fingerprinting. To analyze the reproducibility of BOX-PCR fingerprinting, several isolates were subjected several times to BOX-PCR. A comparison of the resulting fingerprint patterns resolved on the independent gels yielded similarity coefficients (r values) of Ͼ0.9. This reproducibility is consistent with those from other studies (35, 47) . Hence, we chose a similarity value of 0.8 or more to indicate strains of the same genotype. Cluster analysis resulted in a total of 85 unique fluorescent Pseudomonas genotypes out of 248 isolates (Fig. 2) . We obtained 33 genotypes comprising 103 isolates from Australia, 31 genotypes comprising 77 isolates from California, 6 genotypes comprising 14 isolates from Chile, 11 genotypes comprising 34 isolates from Saskatchewan, and 4 genotypes comprising 20 isolates from South Africa ( Table 3 ).
The geographic distribution shows that the same genotype was found only in other samples of the same transect and not at other sites in the region or in other continental regions (Table 3 ). However, the majority (91.8%) of genotypes were not found in more than one transect sample of one site. Only seven genotypes (genotypes 4, 26, 31, 42, 49, 84, and 86) were repeatedly isolated from different transect samples; genotypes 4 and 26, genotypes 42 and 49, genotypes 84 and 86, and genotypes 31 were found only at sites BN, JD, CL, and HG, respectively.
rDNA ITS-RFLP analysis. Some genotypes showed a single PCR-amplified ITS product of approximately 600 bp; however, in many cases, multiple ITS amplification products (400 to 800 bp) were observed (Fig. 3A) , although all tested genotypes shared the common 600-bp band. The isolates repeatedly produced multiple bands of the same size after reselection of the isolates for purity. When the ITS-PCR products were digested (Fig. 3B to D) , the sum of the sizes of restriction fragments did not agree with the sum of the sizes of undigested ITS amplification products. These results indicate the existence of at least two types of ITS regions in the same bacterial genome and that some restriction sites were present in one type of ITS region and absent in the other.
The combined DdeI, HaeIII, and HhaI restriction patterns of the amplified rDNA ITS regions were used for cluster analysis (Fig. 4) . Fragments of over 100 bp were included for calculating similarity matrices. The cluster analysis revealed 39 ITS-RFLP types in our collection. All the fluorescent Pseudomonas genotypes clustered with the four Pseudomonas reference strains, making a coherent cluster at a similarity value (S D ) of 47%. The E. coli reference strain formed a well-defined separate branch.
The geographic distribution pattern of ITS-RFLP types showed overlaps in types at every geographic scale (between transect samples, sites, and regions) ( Table 4 ). Many ITS- Three ITS-RFLP types (I-10, I-15, and I-36) comprising 22.3% of genotypes were found in three, two, and two different regions (overlap between regions), respectively. The majority of ITS-RFLP types, comprising 40% of the genotypes, showed unique ITS-RFLP patterns; they were found in only one transect sample. ARDRA. All isolates gave a single amplification product, and the sum of the sizes of restriction fragments agreed well with the size of the undigested amplification product. All genotypes showed similar and simple 16S rDNA RFLP patterns with four or five bands (data not shown). Cluster analysis revealed four ARDRA types. All of the genotypes and all reference Pseudomonas strains except P. aeruginosa and E. coli produced a monomorphic restriction pattern when digested with HhaI. DdeI differentiated ARDRA type B from types A, C, and D; HaeIII differentiated ARDRA type A from types B, C, and D; and MspI differentiated ARDRA type D from types A, B, and C. Except for P. aeruginosa, the other three reference Pseudomonas strains, which belong to the P. fluorescens intrageneric group (26) , and all of our collection made a coherent cluster at a similarity value (S D ) of 92%, indicating high similarity in 16S rDNA sequences. A majority of the genotypes (94.1%) belonged to ARDRA types A and C, and these ARDRA types were repeatedly found in every region studied. Spatial autocorrelogram. Since endemism studies can be highly sensitive to sampling size and isolate recovery, we used a multivariate structure function, the Mantel correlogram (21, 32, 41) to describe the spatial structure and to test the presence of spatial autocorrelation (7, 41) in the distribution pattern of fluorescent Pseudomonas strains. The null hypothesis H o is that geographic distances among sampling points are not correlated to geographic distribution pattern similarities of geno- Geographic distances between the pairs of soil samples were divided into four distance classes with equal frequency of the pairs to take the advantage that the tests of significance have the same power across all distance classes (21) . This resulted in four distance classes: class 1 (ϳ197 km, 175 pairs), class 2 (ϳ1.09 ϫ 10 4 km, 176 pairs), class 3 (ϳ1.59 ϫ 10 4 km, 176 pairs), and class 4 (ϳ2.20 ϫ 10 4 km, 176 pairs). After examination of the significance of the standardized Mantel statistics (r M ) (17) at ␣ ϭ 0.05 using 999 permutations, the null hypothesis H o was rejected in favor of the alternative hypothesis H 1 , indicating the existence of a certain geographic pattern in the distribution of fluorescent Pseudomonas genotypes. Significant (P ϭ 0.001) positive spatial autocorrelation was observed for the distribution pattern of genotypes at distance class 1, and significant (P ϭ 0.012 to 0.020) negative spatial autocorrelation was observed at the rest of the distance classes, indicating the prevalence of the genotype in the soil samples within distance class 1 (ϳ197 km) and the absence in the rest of the distances (Fig. 5) .
DISCUSSION
We used three methods to explore the level of genetic difference that might be discernible on a geographic scale. From coarse to fine level of resolution these were (i) ARDRA, (ii) 16S-23S rDNA ITS-RFLP, and (iii) rep-PCR genomic fingerprinting with the BOX primers. The ARDRA patterns were very similar for all isolates regardless of origin. No endemicity was seen at this coarse level of resolution, as expected since the rRNA operon is highly conserved. Similar results have also been reported from the analyses of 16S rDNA sequences of other bacterial groups. Members of proteobacterial clusters SAR11, SAR83, and SAR86 and cyanobacterial cluster SAR6-SAR7 were found in both the Atlantic and Pacific Oceans (8, 11, 15, 27, 36, 37) , and freshwater bacteria with nearly identical 16S rDNA sequences were found in three distant and isolated lake regions (51) .
The ITS-RFLP analysis, however, showed a weak level of endemicity, since 3 of the 39 patterns were found in two, and in one case three, continental regions. The 19 genotypes in these three cosmopolitan ITS groups showed as much genotype diversity as was found among the genotypes with unique ITS-RFLP patterns. The ITS regions, which are less conserved than the 16S rRNA gene, are still more highly conserved parts of the genome. Our results suggest that strong endemicity for this bacterial group does not occur at this level. Other work suggests that ITS-RFLP resolution corresponds roughly to the level of subspecies (4, 20, 30, 47) . We did, however, observe strong endemicity at the level of genome structure as observed by rep-PCR. According to the work of Rademaker et al. (34) with Xanthomonas strains, the similarity coefficients (approximately 0.6 to 1.0) generated by BOX-PCR fingerprinting correlated well with percent DNA-DNA hybridization (approximately 70 to 100). They found that a similarity coefficient of 0.8 corresponded to DNA-DNA hybridization values of 85 to 100%. Similarity values of Ͻ0.6 did not show significant correlation to DNA-DNA hybridization.
Our key finding is that the same genotype was found only in other samples of the same transect and not at other sites in the region or in other continental regions. This indicates some mixing and dispersal of the genotypes within a site but not between sites and regions. Isolates found at different sites or in different regions showed significantly different BOX-PCR fingerprint patterns. Even when a cutoff value 0.6 was applied to define clusters, no overlapping clusters were observed between sites or regions. The strict site endemicity observed suggests a high degree of genomic diversity of fluorescent Pseudomonas and, hence, that geographic isolation plays an important role in bacterial diversification.
Additionally, we observed significant spatial autocorrelation in the distribution of genotypes at distance class 1 (Ͻ197 km). Although this geographic distance (197 km) is based only on dividing geographic distances between all pairs of soil samples with equal frequency to achieve the same statistical power across all distance classes, distance class 1 includes all pairs of samples within transects. The remaining distance classes showed significant negative autocorrelation; hence, the overall shape of the correlogram was attributed to a structure with single bump (21) , and the extent of the zone of the influence of this single bump covers all of the study area. This means that a particular genotype can be repeatedly found within a site and cannot be found out of this range at a significance level of ␣ ϭ 0.05. This inference is supported indirectly by the following estimate of genetic distance versus geographic distance.
We explored the relationship between the genetic distance based on BOX-PCR fingerprinting and the corresponding geographic distance (Fig. 6) . We used genotype 4 as the reference genotype, as it was a dominant genotype in our reference site BN in Australia, and calculated coefficients of similarity to every other genotype in the transect, to all transect samples of Australia site JD, and to all other transect samples in different regions. When those values were plotted against geographic distance, a relationship to genetic distance was revealed. The genetic distance increased with the geographic distance (r ϭ ϩ0.61; P Ͻ 0.01) up to, and is saturated roughly at, the geographic scale of site. This saturation is likely due to the method, since the saturation value corresponds to the upper limit of the resolution of BOX-PCR fingerprinting. A similar increase in genetic distance with geographic distance is seen if the JD site is resolved on the scale of the BN site (Fig. 6) . The tendency that genetic distance increases with geographic distance also indirectly supports the bacterial endemism hypothesis, indicating that it becomes harder to find the same or similar genotypes with increasing geographic distances. The question mark in Fig. 6 indicates that the true genetic distance may continue to diverge but that this level of resolution is beyond what is detectable by BOX-PCR. The high level of genotype diversity found within the same ITS groups suggests that another measure of genetic diversity is needed to bridge the gap between these two methods.
This study indicates that soil fluorescent Pseudomonas populations are endemic at genotype level and at a scale of Ͻ197 km (distance class 1) but only marginally at the subspecies level, if estimated from the ITS-RFLP results. Hence, this study begins to provide some definition to "everything" and "everywhere" in the classic Beijerinck-Bass-Becking statement. That soil heterotrophic bacteria in undisturbed sites are not globally mixed suggests that bacterial diversification is actively ongoing.
